Purpose The object of this study was to investigate the in vivo function of the posterior cruciate ligament (PCL) in patients before and after a PCL-retaining total knee arthroplasty (TKA). Methods Eleven patients with advanced osteoarthritis (OA) of the knee were recruited. Magnetic resonance scans of each OA knee were obtained, and 3D computer models, including the femoral and tibial insertion areas of the anterolateral and posteromedial bundles of the PCL, were created. Before and after PCL-retaining TKA, dual fluoroscopic images of each knee were acquired during weight-bearing knee flexion. The images and computer models were used to reproduce the in vivo motion of the knee. The function of the PCL bundles was described in terms of elongation, elevation and deviation. Twenty-two healthy controls were also included as normal references. Results PCL bundles of the OA knees were overstretched during late knee flexion and orientated more medially throughout flexion compared with normal knees. After PCLretaining TKA, PCL bundles were further overstretched during late flexion and changed from medially directed in normal and OA knees to almost sagittally directed, which may compromise function in controlling knee rotation. Conclusions The current PCL-retaining TKA systems and surgical techniques may not adequately re-establish normal biomechanics of PCL bundles after PCL-retaining TKA.
Introduction
Posterior cruciate ligament (PCL)-retaining total knee arthroplasty (TKA) has been widely used by many surgeons [20, 21, 24] . PCL retention is mainly based on the assumption that the retained PCL facilitates the femoral rollback and therefore increases range of motion (ROM) of the knee and moment arm of the quadriceps [6, 14] . However, various studies have found that knee kinematics and ROM after PCL-retaining TKA are significantly different from the native knee [4, 22, 23] . Many clinical studies show that postoperative outcomes, including ROM, stability, loosening rate, gait and patient satisfaction level are similar between patients receiving PCL-retaining TKA with or without the PCL [6, 13, 17] . The role of the PCL in the PCL-retaining TKA knees remains an important topic in TKA research [6, 13, 15] . Several in vitro studies show that PCL force cannot be restored to normal after PCL-retaining TKA [11, 13, 16] . For instance, Mahoney et al. found that the PCL was generally overtight in PCL-retaining TKA knees [13] . Incavo et al. found that in most cases, the PCL was either too tight or too loose after PCL-retaining TKA [7] . In vitro robotic studies revealed that the PCL forces in PCL-retaining TKA knees were significantly lower than those in the native knees [11, 16] . Several studies have investigated the in vivo biomechanics of the PCL in normal knees and found that the PCL undergoes not only changes in length, but also in orientation [3, 8, 18] . The function of the PCL in osteoarthritic (OA) knees and PCL-retaining TKA knees may be fundamentally different from that in healthy knees due to joint degeneration caused by the disease, change in articular surface geometry, and concomitant resection of the anterior cruciate ligament (ACL) in PCLretaining TKA knees [15] . Therefore, quantifying the in vivo PCL function in OA knees before and after PCLretaining TKA under physiological loading conditions is important to improve the TKA that retains the PCL. The object of this study was to investigate the in vivo function of the PCL in patients before and after a PCL-retaining TKA.
Patients and methods

Study design and patient demographics
Eleven patients with advanced medial-compartment knee OA were recruited in this study (average age 64±7 years, range 51-73; average height 68.3±3.9 in., range 61-73; average weight 208.2±31.9 lb, range 155-265; six left and five right knees; Kellgren-Lawrence (KL) grade IV in seven knees and grade III in four knees). All patients had evidence of patellofemoral disease, and five had ACL deficiency at surgery. The preoperative average Knee Society Score (KSS) was 55.3±12.9 (range,39-70), and the average functional KSS was 50.0±19.6 (range, . The preoperative average weight-bearing ROM of the OA knees was 102.8°± 22.3°(extension/flexion,1.8°±5.2°/104.6°±20.4°), and the average varus deformity was 1.9°±2.8°(range 1.0°-7.8°). Further, 22 healthy controls studied in our previous investigation were included in this study as normal references (average age 31.4±9.3 years, range 19-51; average height 67.9±4.1 in., range 61-75; average weight 166.9±31 lb, range 110-215). Prior to the study, Institutional Review Board approval was obtained, as was informed consent from each patient.
Before the scheduled operation, magnetic resonance (MR) scans of each OA knee were obtained using a 3.0-Tesla magnet (Siemens, Malvern, PA, USA) and fatsuppressed 3D spoiled gradient-recalled-echo sequence. Sagittal-plane image slices (1-mm spacing, resolution 512×512 pixels, field of view 180×180 mm) were then segmented using a 3D modelling software (Rhinoceros®, Robert McNeel and Associates, Seattle, WA, USA) to construct 3D models of the knee, including the tibia and femur. The attachment sites of the PCL on the femur and tibia were divided into the anterolateral (AL) and posteromedial (PM) bundle attachment sites by an experienced orthopaedic surgeon, and the area centroids of the bundle attachment sites were calculated (Fig. 1) . Lines connecting the centroids of the corresponding bundle attachment sites on the femur and tibia represent the AL and PM bundles of the PCL. This technique has been used in previous studies in our laboratory to measure ligament kinematics [3, 8, 18] .
Then, the OA patients performed a weight-bearing single leg lunge from full extension to maximal flexion within the field of view of a dual fluoroscopic imaging system (Fig. 2) . Patients slowly bent their knees and the two fluoroscopes captured the knee positions at 15°increments (monitored using a goniometer) from full extension to maximal flexion without altering the orientation of feet and torso. Afterwards, all patients received a high-flexion PCL-retaining TKA (NexGen CR-Flex, Zimmer, Warsaw, IN, USA). The TKA operations were performed by the same surgeon following standard procedures. In all instances, the extensionflexion gaps were well balanced without PCL recession.
After surgery (average 8±2.5 months; range 7-15 months), all patients were recalled for postoperative tests and evaluated as clinically successful with no ligamentous laxity, pain or clinical complications. After PCL-retaining TKA, the average KSS was 90.6±11.0 (range 60-100); average functional KSS was 85.9±14.1 (range 70-100). Average weight-bearing ROM was 101.7°±15.1°(extension/flexion, −1.5°±6.2°/ 100.2°±15.5°). In vivo kinematics during weight-bearing knee flexion were obtained again using the same dual fluoroscopic imaging technique. The fluoroscopic images were imported into Rhino software to establish a virtual (Fig. 2b) . The 3D MR image-based models were then individually manipulated in six degrees of freedom (DOF) until they matched their projections on the dual fluoroscopic images captured during the actual weight-bearing activity (Fig. 2b) . Thus, in vivo knee motion was represented by a series of 3D knee models at different flexion angles. The relative positions of the PCL attachment areas on the tibia and femur were also determined at each flexion angle. To measure PCL kinematics after TKA, the same preoperative knee models were used in to determine PCL kinematics [25] .
Data analysis
The length of each PCL bundle was defined as the length of the straight line connecting the centroids of the bundle attachment sites (Fig. 1) [18] . In the normal group, the length of each PCL bundle was measured at each flexion angle. Elongation of the bundle at different flexion angles was calculated as a percentage of its length at full extension. In the OA and PCL-retaining TKA knees, elongation of the bundles was calculated as a percentage of the length of the bundle of the preoperative OA knees at full extension [3, 18] . A coordinate system was created on the tibia to measure PCL bundle orientation [3, 18] . An orthogonal coordinate system was placed on the tibia, with the mediolateral axis obtained by projecting a line passing through the centre of the medial and lateral tibial plateaus onto a plane perpendicular to the tibial long axis. The centre of the medial/ lateral tibial plateau was defined as the centroid of the closed curve formed by tracing the edges of the plateau. The midpoint of the tibial mediolateral axis was defined as the origin of the tibial coordinate system. The proximaldistal axis of the tibia was parallel to the tibial long axis. The tibial anteroposterior (AP) axis was defined to be perpendicular to the tibial mediolateral (ML) and proximal-distal (PD) axes. Knee flexion was defined as the angle between the femoral and tibial long axes projected onto the tibial sagittal plane. PCL bundle orientation was defined using elevation and deviation [3, 18] , as shown in Fig. 3 . Elevation was defined as the angle between the projection of the bundle on the sagittal plane and the AP axis of the tibia (Fig. 3a) . Deviation was defined as the angle between the projection of the bundle on the transverse plane and the AP axis of the tibia (Fig. 3b) . A medial deviation of the bundle was considered positive.
Statistical analysis
A two-way analysis of variance (ANOVA) followed by Newman-Keuls post hoc test was used to analyse the differences of elongation, elevation and deviation of the PCL bundles between groups. A p value <0.05 was considered to be significant.
Results
Elongation of the PCL bundles
The length of the AL bundle increased with increasing knee flexion in all three groups. Before 75°of knee flexion, elongation of the AL bundles was similar among groups. However, beyond 75°of flexion, elongation of the AL bundle in the PCL-retaining TKA knee was significantly greater than that in the OA knee and normal knees (p<0.05) . A similar trend was observed in PM bundle elongation (Fig. 4) .
Elevation of PCL bundles
At full extension, the elevation of the AL bundle of the PCL-retaining TKA knees (61.3°±6.5°) was significantly larger than that of normal (46.8°± 5.5°) and OA knees (54.1°±13.5°) (p<0.05) . During knee flexion, elevation of the AL bundle of the normal knee was relatively constant up to 30°of flexion, and thereafter increased steadily with flexion. In the other two groups, however, the elevation angle kept decreasing until around 45°of flexion, and thereafter increased steadily with flexion. Beyond 45°of flexion, the elevation angles of the AL bundles in the three groups were generally similar. The similar trend was observed in the PM bundle elevation (Fig. 5) .
Deviation of PCL bundles
At full extension, the deviation angle of the AL bundle was 20.1°±7.0°, 32.7°±17.3°and 6.6°±17.6°for normal, OA and PCL-retaining TKA knees, respectively. Differences among groups were significant (p<0.05). Throughout knee flexion, the AL bundle was oriented medially in both normal and OA knees. In contrast, the AL bundle oriented almost AP without medial deviation in PCL-retaining TKA knees (p<0.05). A similar trend was observed in the PM bundle deviation (Fig. 6 ).
Discussion
The major findings of this study were that PCL bundles of OA knees showed greater elongation during late flexion and were orientated more medially throughout flexion compared with normal knees. After PCL-retaining TKA, PCL bundles showed further increase in elongation during late flexion, and the medial orientation of PCL bundles decreased substantially. Our data show that AL and PM bundles of the PCL elongated continuously with increasing flexion in all three groups, which was consistent with the previous in vitro studies reporting that the PCL force increased with flexion in both normal and PCL-retaining TKA knees [3, 8, 11, 16, 18] . Interestingly, our study found that elongation of PCL bundles in PCL-retaining TKA knees was significantly greater than those of normal and preoperative OA knees during late knee flexion, suggesting the PCL may have become tighter after PCL-retaining TKA at high flexion in this group of patients. Overstretching of the PCL was correlated to the reduced posterior femoral translation (femoral rollback) in the same patient group after PCL-retaining TKA [25] . Reduction of femoral rollback has also been observed in many previous studies of PCL-retaining TKAs [2, 23] . The possible explanation may be the so-called kinematic conflict that occurs in knee flexion, that is, the PCL tightens in high flexion angles and encourages femoral rollback, but the posterior lip of the dished tibial insert acts as a restraint against femoral rollback and results in kinematic conflict, with progressive tightening of the PCL [17] . Controversy exists about the PCL force in the PCLretaining TKA knees, but it has been consistently reported that PCL force is not fully restored to normal after PCLretaining TKA [7, 13] . Incavo et al. studied eight knees and found that the PCL was too tight in three knees and too loose in another three knees after PCL-retaining TKA [7] . Mahoney et al. tested eight knees and found that in most cases, the PCL was overtightened after PCL-retaining TKA [13] . Li et al. found that PCL force decreased after PCLretaining TKA compared with normal knees [12] . Differences among these studies may be caused by the different loading conditions applied and the number of knees requiring PCL recession during the operation. Although the length measured in our study should not be directly used to calculate PCL forces, overstretching of the PCL observed in PCL-retaining TKA knees may limit further knee flexion or lead to ligament failure [13] .
PCL is the primary restraint to the posterior translation of the tibia during knee flexion in healthy knees [9] . However, little is known about the relative role of the AL and PM bundles in the stabilisation function of the PCL in OA and PCL-retaining TKA knees. Our study shows that in all three groups, elevation of the AL bundle was relatively lower than that of the PM bundle before 45°of flexion, but after 45°, elevation of the AL bundle increased dramatically and was higher than that of the PM bundle. Our data suggests that during high flexion, the AL bundle restrains the proximaldistal translation and induces posterior femoral translation, whereas the PM bundle may be more efficient in resisting posterior tibial translation. The similar trend has also been observed in normal knees by other investigators [1, 3, 18] . Results demonstrate that both AL and PM bundles of the PCL are important in maintaining normal knee kinematics.
The study presented here shows that in the mediolateral direction, PCL bundles are oriented medially in normal knees, in line with previous studies [3, 18] . An oblique PCL produces rotation torque during flexion and acts as a guiding bundle in knee rotation [5] . After PCL-retaining TKA, however, PCL bundles change to be almost in a sagittal plane orientation. In other words, the PCL changed from the guiding bundle to a sagittal bundle [5] . Fuss et al. demonstrated that a sagittal bundle has no effect on knee rotation, even if it is constantly tight during flexion [5] . Reduced internal tibial rotation has been observed in both PCL-deficient knees and PCL-retaining TKAs [4, 9, 23] and may suggest PCL dysfunction in controlling rotation in PCL-retaining TKA knees in addition to the tibiofemoral articular geometry change after TKA. Earlier in vitro studies demonstrated that the ACL oriented medially, so that the ACL would provide resistance to lateral translation of the femur [10] . In ACL-deficient knees, a lateral shift of the femur was observed when compared with normal knees [10] . As the ACL is resected in a PCL-retaining TKA, the constraining function of ACL to lateral femoral shift is lost. This might result in lateral femoral translation.
There are limitations to this study: PCL bundle lengths were measured using the distance between their femoral and tibial attachment sites. The relative elongation of the two PCL bundles exceeded 20% in all three groups, which was larger than the ultimate strain of the PCL reported in the literature [19] , indicating that the PCL was lax at full extension; that is, the distance between the attachment sites is less than the length of the PCL. Therefore, this distance should not be directly used to calculate in vivo PCL strain [3, 18] . The second limitation is that the study only represents results of one particular PCL-retaining implant. Future work will involve evaluation of other TKA designs. In addition, the study only evaluated knees with predominantly medialcompartment OA, and the PCL of the knees with other disease situations, such as lateral-compartment OA, should have different in vivo performance. Finally, we studied knee behaviour in a single leg-lunge activity. Future study should also examine knee functions during dynamic activities, such as gait.
In conclusion, our study shows the current PCL-retaining TKA systems and surgical techniques may not adequately re-establish normal biomechanics of PCL bundles after PCL-retaining TKA. Additional studies evaluating other TKA systems and other dynamic activities, such as gait, would be valuable.
